Purpose: Silver nanoparticles (AgNPs) have been widely applied in various fields as excellent antibacterial reagents over the past decades. Although the particle size is considered as the most crucial factor influencing cellular uptake, transportation, and accumulation behaviors, there are still many controversies regarding the correlation between size and uptake of AgNPs. In this study, size-dependent cellular uptake of AgNPs with different diameters was investigated in B16 cells. Methods: The uptake of AgNPs was investigated by inductively coupled plasma-mass spectrometry (ICP-MS) and transmission electron microscopic (TEM) imaging in B16 cells. Results: Twenty nanometer and 100 nm AgNPs had the lowest and highest uptake efficiency at both 12 hours and 24 hours, respectively. Smaller AgNPs crossed the plasma membrane faster with uniform distribution: 5 nm AgNPs were detected in both cytoplasm and nucleus at 0.5 hours after incubation. Larger AgNPs were extremely difficult to migrate: 100 nm AgNPs were detected in the nucleus at 12 hours after incubation. Internalization of AgNPs was directly observed, mainly within membrane-bound structures, such as intracellular vesicles and late endosomes. The uptake of all four-sized AgNPs (5 nm, 20 nm, 50 nm, 100 nm) decreased significantly after the pre-treatment with chlorpromazine hydrochloride, which can specifically inhibit the clathrin-mediated endocytosis. The internalization efficiencies of AgNPs (5 nm, 20 nm, 50 nm) were markedly reduced by methyl-β-cyclodextrin, a specific caveolin-mediated endocytosis inhibitor, whereas 5-(N-ethyl-N-isopropyl) amiloride as an inhibitor of macropinocytosis inhibited the uptake of larger sizes of AgNPs (50 nm and 100 nm).
Introduction
With the rapid development of nanoscience and nanotechnology, products containing nanomaterials are more and more widely used in diverse areas, such as fluorescent imaging, sensing, and drug delivery. [1] [2] [3] Among the antibiotic nanomaterials, silver nanoparticles (AgNPs) were endowed to more different fields in our daily life, including textiles, sanitary articles, and cosmetics, because of their excellent broad-spectrum antimicrobial properties.
of entering the human body by inhalation, skin penetration, ingestion, and/or injection. Liver, lung, spleen, and kidney are the main target organs for nanosilver accumulation in vivo. 12, 13 As a result, the particles might be taken up into cells, leading to potential hazards by interaction with intracellular biological macromolecules. Uptake pathways and cellular distribution of AgNPs directly correlated with various cytotoxic effects. So, it is imperative to explore the pathways of cellular uptake and the intracellular behaviors of exogenous AgNPs, which can help us better understand their biological effects and optimize their biomedical applications. Generally, nanoparticles may enter cells by mechanisms of phagocytosis, micropinocytosis, endocytosis, direct diffusion, or adhesive interactions. 14 The ways in which nanoparticles are internalized by cells are determined by their physical and chemical properties, such as size, shape, surface charge, and composition. [15] [16] [17] [18] In recent years, several previous studies hinted that, in the process of cellular uptake of liposomes, quantum dots, gold and silica nanoparticles, the size was found to be an essential factor. [19] [20] [21] It is likely that smaller NPs are imported into cells via endocytosis or diffusion, and larger NPs are via phagocytosis in the previous research. 22, 23 In terms of AgNPs, most uptake studies focused on the uptake efficiency and toxicity, but the exact mechanisms of cellular uptake for AgNPs in mammalian cells have not been well characterized.
The purpose of our present study is to investigate the size effects of AgNPs on the internalization pathways by cells and their intracellular localizations. Tumor cell lines are often used as models for studying nanoparticle-cell interactions. Here, the mouse melanoma cell line (B16), a kind of nonphagocytic epithelioid cells, was chosen as an experimental model suitable for our uptake research. We mainly analyzed the uptake behaviors of AgNPs in different sizes by transmission electron microscopy (TEM) and inductively coupled plasma-mass spectrometry (ICP-MS) in B16 cells. Our results show that the cellular uptake of AgNPs was sizedependent, and the maximum uptake efficiency occurred at the particle size of 100 nm. The results after the treatment of specific endocytic inhibitors revealed that more than one internalization pathway might be involved in the internalization process of AgNPs.
Materials and methods Materials
RPMI 1640, streptomycin/penicillin, and PBS were purchased from Cellgro (VA, US). Fetal bovine serum (FBS) was purchased from Hyclone (UT, USA). Glutamax was purchased from Gibco (CA, US). Citrate-coated AgNPs (5 nm, 20 nm, 50 nm, 100 nm) were from Nanocomposix (CA, US 
Cell cultures
B16 mouse melanoma cell line (B16) from American Type Culture Collection (ATCC) was kindly given by Dr. Guangjun Nie from NCNST and cultured in RPMI 1640 complete medium with 10% fetal bovine serum (FBS), streptomycin/penicillin (100 U/mL), and Glutamax (2 mM) at 37°C in a humidified atmosphere of 5% CO 2 incubator.
Characterization of AgNPs
Six microliters of AgNPs dispersed in Milli-Q water was dropped on TEM grid and dried for transmission electron microscopic (TEM) imaging. The TEM imaging was conducted on Tecnai G2 F20 U-TWIN (FEI, USA) at an acceleration voltage of 200 kV. The sizes and zeta potentials of AgNPs at the concentration of 10 µg/mL were measured in different media by dynamic light scattering (DLS) (Zetasizer Nano ZS, Malvern, UK) at 25°C. For each sample, DLS was repeated at least three measurements, and each measurement was at least 12 individual runs. The SpectraMax ® i3 microplate reader (Molecular Devices, Sunnyvale, CA, USA) was used for measuring the UV/visible absorption spectrum of AgNPs.
Cytotoxicity of AgNPs (MTS assay)
The cytotoxicity of AgNPs in B16 cells was detected by the Aqueous One Solution Reagent (Promega). B16 cells were trypsinized and suspended in complete medium. A 200 µL cell suspension (5×10 4 cells/mL) per well was added in a flat-bottom 96-well plate and cultured overnight at 37°C in a 5% CO 2 humidified incubator. Then, cells were incubated with different concentrations (5-100 µg/mL) of AgNPs for 24 hours. After cell wash with PBS, cell viability was determined by MTS (3-(4, The preparation of cell samples prior to ICP-MS measurement
Cells were collected and pre-digested with 1 mL nitric acid (HNO 3 ) overnight. Then digested products were transferred to PFA (perfluoroalkyl alkanes) digestion vessels with another 9 mL of nitric acid, followed by a microwave heating program for digestion (120°C for 2 minutes, 160°C for 5 minutes, and 195°C for 50 minutes). After cooling down, the vessels were heated to about 150°C in a heating block (BHW-09C, BOTONYC, Shanghai, China) and diluted with 1% (v/v) HNO 3 to a final acid concentration of~3% before ICP-MS measurement. Each sample was prepared in triplicate.
The uptake of AgNPs by B16 cells by ICP-MS measurement
The total silver contents in samples were determined by ICP-MS (NexION 300X, Perkin Elmer, USA). In (25 ppb) was used as the internal standard correction. The main working conditions of ICP-MS measurement were as follows: the radio frequency (RF) power was 1,600 W; and argon gas flow rates for the plasma, auxiliary, and nebulizer flow were 18 L/min, 1.2 L/min, and 0.98 L/min, respectively.
Intracellular distribution of AgNPs in B16 cells by TEM
B16 cells cultured in 6-well plates were treated with different-sized AgNPs at 15 µg/mL in the FBS-free RPMI 1640 medium. After being cultured for 12 hours or 24 hours, cells were washed by PBS three times, digested, and centrifuged. The cell pellets were quickly fixed within 2.5% (v/v) glutaraldehyde in 0.1 M sodium phosphate buffer (pH 7.4) overnight. Then, cells were washed adequately and fixed in 1% OsO 4 (w/v) for 1.5 hours subsequently. After washing, cell pellets were dehydrated in a graded series of acetone, then transferred to a graded series of embedding medium containing dodecenyl succinic anhydride (DDSA), methyl nadic anhydride (MNA), 2,4,6 Tri (dimethylaminomethyl) phenol (DMP-30), and Epon-812, and finally embedded in pure Epon-812. The sections from embedded cell blocks were collected on a copper grid for observation by TEM. To avoid the dye pollution, the sections were not stained with uranyl acetate and lead citrate.
The uptake of AgNPs after inhibitor treatments B16 cells were seeded in 6-well plates under cell culture conditions. After 24 hours growing, cells were treated with 25 µM chlorpromazine hydrochloride (CPZ, Sigma Aldrich), 100 µM 5-(N-ethyl-N-isopropyl) amiloride (EIPA) (Toronto research chemicals, ON, Canada) for 30 minutes, and 5 mM Mβ-CD (methyl-β-cyclodextrin) (Sigma Aldrich) for 1 hour at 37°C. CPZ can specifically inhibit the clathrin-mediated endocytosis. Mβ-CD is a specific caveolin-mediated endocytosis inhibitor. EIPA is an inhibitor of macropinocytosis. Then, AgNPs were added into wells and incubated for another 2 hours. Subsequently, cells were washed with PBS twice, and collected for ICP-MS analysis.
Statistical analysis
Data were presented as mean±SD from at least three independent experiments. Statistical differences between groups were compared by one-way analysis of variance (ANOVA). P<0.05 was considered as a significant difference.
Results

Characterization study of AgNPs
The physicochemical properties of four CIT-coated AgNPs (5 nm, 20 nm, 50 nm, 100 nm) used in our study were characterized by TEM, DLS, and UV-Vis spectroscopy. TEM images confirmed the sphere morphology and the size distributions were 3.2±0.5 nm ( Figure 1A ), 20.7±2.5 nm ( Figure 1B ), 54.7±7.7 nm ( Figure 1C ), and 93.6±9.6 nm ( Figure 1D ), respectively. The hydrodynamic sizes (d H ) and zeta potentials (ζ) of all AgNPs in water as well as in culture media are summarized in Table 1 . In water solution, there was no aggregation for CIT-coated AgNPs with diameters of 20, 50, and 100 nm. But there was slight aggregation for 5 nm AgNPs as the hydrodynamic diameter was 11.8±0.9 nm measured from DLS. In culture media without serum, there was much more aggregation for all AgNPs (d H >600 nm), indicating the culture media can facilitate AgNPs aggregation. 24, 25 Moreover, zeta potentials in culture medium without serum were less negative than those in water. UV-Vis absorption spectra of AgNPs are shown in Figure S1 .
The size-dependent uptake efficiency of AgNPs by B16 cells
First, the cytotoxicity of AgNPs to B16 cells was evaluated by MTS assay to determine the optimum dose in the following experiments. As shown in Figure S2 , only 5 nm AgNPs significantly inhibited the viability of B16 cells up to about 60% at high concentrations of 75 and 100 µg/mL, which is consistent with other reports. 26 According to these results, a concentration of 15 µg/mL of AgNPs was used in the following experiments.
To calculate the uptake efficiency of AgNPs, the amount of silver (Ag) internalized by B16 cells at 12 hours or 24 hours after co-culture with AgNPs was quantitatively measured by ICP-MS. The average recovery of standard silver ion (Ag + ) solution by this method was determined to ensure the accuracy and precision of subsequent experiments. Figure S3 indicatesthat the detection limit of Ag in microwave-digest method was 0.003 µg, and good recovery efficiency was achieved in the range of 0.005-100 µg. After method validation, the Ag content inside B16 cells was measured. As shown in Figure 2 , the uptake efficiencies after 12 hours exposure were 40.3 ±7.6%, 22.0±1.5%, 52.3±4.7%, and 76.2±8.0% for 5 nm, 20 nm, 50 nm, and 100 nm AgNPs, respectively. For 24 hours exposure, the uptake efficiency of AgNPs increased slightly to 58.5±8.5%, 34.2±8.3%, and 57.9±2.5% for 5 nm, 20 nm, and 50 nm AgNPs, respectively. However, for 100 nm AgNPs, the uptake slightly decreased to 66.1±9.7% (Figure 2) . Interestingly, at both 12 hour and 24 hour uptake experiments, 20 nm and 100 nm AgNPs showed the lowest and highest uptake efficiency in B16 cells, respectively.
The interaction between AgNPs and plasma membrane TEM imaging was used to evaluate the locations of AgNPs at different time points during the uptake process in B16 cells. After 0.5 hours of co-culture, 5 nm AgNPs had already entered cells through the cell membrane. The 5 nm AgNPs were uniformly distributed in the cytoplasm and nucleus, while most of the AgNPs with bigger sizes (20 nm, 50 nm, 100 nm) were still located outside the cells (Figure 3) . Interestingly, we captured some images indicating the interaction between AgNPs and cell membrane. The 5 nm AgNPs were loaded in some nano-sized vesicle-like structures outside the cell membrane ( Figure 3A) . A trend of cell membrane invagination can be observed for 20 nm, 50 nm, and 100 nm AgNPs (Figures 3B-D) .
Time-dependent intracellular localization of AgNPs in B16 cells
After 0.5 hours co-culture, a few of the 20 nm AgNPs can also be observed in the nucleus, besides 5 nm AgNPs ( Figure 4A ). However, there was still no 50 nm or 100 nm AgNPs in the nucleus ( Figure 4A ). After 2 hours of coculture, AgNPs in all four sizes were observed to be taken up by B16 cells ( Figure 4B ). The 5 nm AgNPs were still uniformly dispersed in the cytoplasm and nucleus. The 20 nm, 50 nm, and 100 nm AgNPs were mainly localized within membrane-bound structures as endocytic vesicles, especially in early endosomes and lysosomes. Usually, these special structures can be identified as they were surrounded by a membrane and had a distinct electron contrast ( Figure 4B) . Additionally, at this time point, 50 nm AgNPs was able to enter the nucleus, but not for 100 nm particles.
After 12 hours of exposure to AgNPs, different from short-time points, some larger membrane vesicles inside cells were observed with loaded bigger-sized AgNPs (20 nm, 50 nm, 100 nm) (Figures 5B-D) . However, we cannot find any 5 nm AgNPs located in such large membrane vesicles within cells ( Figure 5A ). In addition, almost all internalized AgNPs showed less tendency of aggregation compared with those outside the cell membrane. Moreover, none of the 100 nm AgNPs was observed in the nucleus, even after 12 hours.
Possible uptake pathways for different-sized AgNPs by B16 cells
To further investigate potential endocytic mechanisms for different-sized AgNPs, some selective inhibitors were used to check the effects on the uptake efficiency of AgNPs. First, none of these inhibitors affected the cell viability (data not shown). After pre-incubation with the individual inhibitor, cells were co-cultured with AgNPs for another 2 hours. As shown in Figure 6 , the uptake of all four-sized AgNPs decreased significantly after the pre-treatment with CPZ, which can specifically inhibit the clathrin-mediated endocytosis. In the presence of a specific caveolin-mediated endocytosis inhibitor (Mβ-CD), the internalization efficiencies of AgNPs with 5 nm size ( Figure 6A ), 20 nm size ( Figure 6B ), and 50 nm size ( Figure 6C ) were markedly reduced. Specifically, the internalization of AgNPs with both 5 nm and 50 nm exhibited an inhibition rate of approximately 50% in B16 cells. The uptake of larger sizes of AgNPs (50 nm and 100 nm) was inhibited by EIPA (an inhibitor of macropinocytosis) by more than 20% compared with the control (Figures 6C and D) . Remarkably, only B16 cells exposed to 50 nm AgNPs maintained low uptake efficiency by pre-treatment with all three different inhibitors.
Discussion
The uptake of nanoparticles can be affected by various factors, such as physicochemical properties of nanoparticles, protein adsorption, and cell types. 20, [27] [28] [29] The purpose of the present study is to investigate the size effects on the specific pathways of AgNPs entry and processing by B16 cells, a non-phagocytic cell line. To avoid the impacts of the protein adsorption, this study was conducted in serum free system. The only variable parameter of AgNPs is size, which was confirmed by the characterization results ( Figure 1 , Table 1 ). First, we checked the sizedependence of cellular uptake for AgNPs by ICP-MS. There have already been some publications to investigate the uptake efficiency of nanoparticles. In some culture cell lines, a size-dependent uptake has been observed for AuNPs, 20,30,31 mesoporous silica, 19 polystyrene, 32 iron oxide nanoparticles, 33 and AgNPs. 34 They all have a maximum efficiency of cellular uptake at some particle size in the range of 30−50 nm. Middle sized AgNPs (50 nm) also exhibited the highest level of absorption and uptake in red blood cells (RBCs). 35 These results suggested that there might be an optimal particle size for active uptake in a relatively short incubation time (less than 4 hours). 35 In this study, we obtained the different uptake tendency of AgNPs in B16 cells. Our ICP-MS results showed that 20 nm AgNPs had the lowest efficiency after both 12 hours and 24 hours exposure, while AgNPs at the sizes of 50 and 100 nm had higher uptake efficiencies. However, our data were not totally incompatible with the previous results. Here, the longer incubation time (12 hours/24 hours) was chosen in this experiment, since we intend to explore the association between the uptake and toxicity of AgNPs. Thus, although we mainly focused on the endocytosis of AgNPs in this period, the exocytosis should also be considered in this process. In fact, the uptake efficiency calculated here was a net value subtracted by the exocytic particles. Our unpublished data have already suggested that AgNPs at different sizes displayed different exocytosis efficiency at 12 hours or 24 hours (unpublished data). Therefore, our results implied that, for long interaction duration (>12 hours), the internalization process of larger AgNPs (50 nm and 100 nm) in B16 cells was much more effective.
In combination with TEM results, the smaller AgNPs (20 nm) may enter B16 cells less effectively, since these particles go into and out of cells more easily.
As we know, eukaryotic cells are multicompartmented. The trafficking of exogenous materials in cells mainly depends on the exchange of membrane enclosed vesicles. 36 When exposed to nanoparticles, cells got the signal and internalized the particles by membrane invagination, and then the invagination pinched off to form new intracellular vesicles. 37, 38 A similar phenomenon was observed in our study, as shown in Figures 3 and 4 . Furthermore, bio-TEM analysis showed that AgNPs were taken up and mainly localized within membrane-bound structures, similar to Gia et al 34 and Milić et al. 39 The 20 nm, 50 nm, and 100 nm AgNPs can be observed in early endosomes originatingfrom membrane invagination (Figure 4 ), which then fused into late endosomes by multiple units ( Figure 5 ). In addition, it has been reported by Krpetic et al 40 that TAT-modified AuNPs can enter HeLa cells as single particles. Thus, we supposed that some single AgNPs may also directly cross the membrane to reach the cytoplasm, possibly by direct membrane translocation. The exact mechanisms mediating the penetration of AgNPs with different sizes through the membrane still remain to be elucidated. Moreover, the existence of single nanoparticle in the cytoplasm may have resulted from endosomal escape. Hence, we assumed that the endosomal escape of AgNPs may be due to the damage of charge balance and/or the membrane ruptures caused by silver ions released from AgNPs. 41 Meanwhile, our results about the AgNPs localizations in membrane-bound structures also gave us some hints about multiple endocytic mechanisms of AgNPs in B16 cells. We suspected that direct membrane translocation and clathrin/caveolin mediated endocytosis may be responsible for the intravesicular translocation of AgNPs. As a process of active transport, endocytosis is a fundamental process of internalizing macromolecules, bacteria, and viruses by cells. It is also a major pathway of cellular uptake for nanoparticles. 36 It has been reported that clathrinmediated and macropinocytic endocytosis are involved, but there might still be other uptake pathways for 50±20 nm PVPcoated AgNPs in hMSC. 42 Another study by Gliga et al 34 showed that the overall uptake of 10 nm and 70 nm PVPcoated AgNPs in human lung cells was a combination of active mechanisms including clathrin, caveolin/lipid raft, macropinocytosis, and phagocytosis. In the present study, we utilized some specific endocytic inhibitors to explore the distinct pathways of AgNPs internalization. Mβ-CD, CPZ, and EIPA as the pharmaceutical inhibitors were used to specifically inhibit caveolae-mediated, clathrin-mediated, and macropinocytic endocytosis, respectively. The result of endocytosis inhibition assay implied that macropinocytosis might only be involved in the internalization of larger-sized AgNPs (50 nm and 100 nm), as shown in Figure 6 , since the macropinocytic inhibitor EIPA just brought about minor inhibition for the cellular uptake of smaller AgNPs (5 nm and 20 nm). In addition, the previous results showed that lipoplexes with a diameter of 200 nm or less were primarily internalized through the pathway of clathrin-mediated endocytosis. 43 Similarly in the present study, it was noted that the significant uptake suppression after the treatment of chlorpromazine illustrated that clathrin-mediated endocytosis contributed to the internalization of all four-sized AgNPs. Therefore, we deduced that clathrin-mediated endocytosis might be a general pathway of active uptake for citrate-coated AgNPs in B16 cells. This further suggests that clathrinmediated endocytosis is a conserved mechanism exploited by eukaryotic cells to internalize foreign materials. In addition, Mβ-CD markedly reduced the efficiency of cellular uptake for 5 nm, 20 nm, and 50 nm AgNPs, indicating that the caveolae-mediated pathway mainly participated inendocytosis of AgNPs at a size of less than 50 nm.
Interestingly, we also noticed that different sized AgNPs displayed different profiles after the treatment of some specific endocytic inhibitors, and the inhibitory extent for a single inhibitor was also distinct. Accordingly, it could be supposed that AgNPs at a certain size can take a combination of various pathways to enter cells, but there must be only one major pathway in this process. In the light of our data, very small AgNPs (~5 nm) may mainly accomplish the endocytosis by the caveolae-mediated pathway with a supply of clathrin-mediated pathway. While the most important endocytic pathways for~20 nm AgNPs might be the clathrin- mediated endocytosis,~50 nm AgNPs would take three endocytic pathways to implement their internalization, among which the caveolae-mediated endocytosis may occur more easily. The clathrin-mediated pathway, along with the macropinocytosis, also played a primary role in the uptake of quite large AgNPs (~100 nm). In addition, AgNPs aggregation status might be another possible reason for adopting different uptake pathways. We also speculated about a potential compensatory mechanism during the treatment of a single inhibitor. Although one single endocytic inhibitor can specifically impact one endocytic pathway, there might be other alternative pathways which compensated for the inhibitory effects. Thereby, the influence produced by one inhibitor was considered as an integrated result. Naturally, the internalization pathway of AgNPs must also be influenced by other factors, such as surface-coating and cell types. However, the size effects should be much more profound than any other factors for the uptake mechanisms. Hereby, our findings indicated that AgNPs should be carefully designed for different applications in biomedical fields, particularly in respect of their sizes.
The location of nanoparticles in the nucleus greatly influences cell functions, because it is likely that these nanoparticles cannot be eliminated from cells according to previous studies. 44 There are some nuclear pore complexes (NPCs) on the nuclear membrane in living cells, the diameter of which is~20-50 nm depending on cell types. 45, 46 So, small nanoparticles can pass NPCs on the nuclear membrane so as to enter the nucleus. Several studies have shown that nanoparticles with a diameter smaller than 40 nm can enter the nucleus. 47, 48 The nuclear location of AgNPs has also been previously reported. [49] [50] [51] Hackenberg et al 52 confirmed that AgNPs (<50 nm) could enter the nucleus of human mesenchymal stem cells (hMSC) which were in coincidence with our ultrastructural results about the nuclear localization of 5 nm, 20 nm, and 50 nm AgNPs after 2 hours incubation ( Figure 4) . Furthermore, our results also showed that almost no 100 nm AgNPs were observed in the nucleus of B16 cells, even after 12 hours incubation, which gave a reasonable explanation about lower cytotoxicity of 100 nm AgNPs than another three sized AgNPs ( Figure S2 ).
Conclusion
Taken together, ICP-MS data has clearly shown that the uptake efficacy of AgNPs is correlated with particle sizes. The 20 nm and 100 nm AgNPs had the lowest and highest uptake efficiency, respectively. This revealed that 20 nm can go into and go out of cells more easily. We have directly observed the internalized AgNPs mainly existed within membrane-bound structures, such as intracellular vesicles and late endosomes. The entry of AgNPs into the nucleus has been confirmed to be size-and time-dependent. Then, according to TEM results, we further figured out the dependency of the endocytic pathway on size by inhibitory assay. Based on the results after adding some specific endocytic inhibitors, we have discovered that AgNPs at any size may involve more than one endocytic pathway. Although there are multiple uptake pathways for all four-sized particles, each size of AgNPs has been identified to enter cells through a major pathway. Moreover, it could be proposed that the clathrin-mediated endocytosis could be regarded as the most common pathway for AgNPs in mammalian cells. Our results and conclusions are quite essential to understand the exact interaction mechanism between AgNPs and cells. Our study about the endocytic pathways of AgNPs would provide very important information for the development of drug delivery and for the risk assessment of AgNPs in practical applications.
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